Abstract The echo-enabled harmonic generation (EEHG) free-electron laser (FEL) has been already demonstrated at lower harmonics and the first lasing at third harmonic also has been achieved at Shanghai deep ultra-violet FEL (SDUV-FEL). While the great advantage of much higher harmonic up-conversion efficiency of EEHG over other seeded FELs only shows evidently at much higher harmonics. In this paper, we investigate the possibility of EEHG lasing at 10-th harmonic of the seed laser at SDUV-FEL, both physical designs and numerical simulations have been studied carefully. Two proposals of EEHG at 10-th harmonic have been studied respectively, i.e. with the seed lasers of the same color and two difference colors, the simulation results indicate that both approaches could be the candidate for EEHG lasing at 10-th harmonic at SDUV-FEL, meanwhile the coherent synchrotron radiation does not affect the performance of EEHG-FEL but only slightly shifts the central radiation frequency.
Introduction
The free-electron lasers (FELs) have been proved to be the novel advanced coherent synchrotron radiation light source [1] [2] [3] [4] , especially with the commissioning of the worlds first two hard X-ray FELs, linear coherent light source (LCLS) [5] and Spring-8 Angström compact free-electron laser (SACLA) [6] . However, all the hard X-ray FELs together with the next coming European XFEL [7, 8] and SwissFEL [9] , etc. are all working on the self-amplified spontaneous emission (SASE) principle [10, 11] , thus large intensity fluctuation and poor temporal coherency are inevitable. In order to obtain the truly full coherent FEL radiations, much effects have been put to extend the FEL working schemes, among which the external optical laser seeded FEL principles have been regarded as the key approaches to lead the FEL radiations to be fully coherent both spatially and temporally [12] [13] [14] [15] [16] .
Experimentally, fully coherent hard X-ray FELs from self-seeding approaches have been demonstrated at LCLS for the first time [17] , in which the generated SASE from the first undulator stage continue seeds the time-shifted electron bunch to produce FELs with much purer spectra and much higher power intensity. While the external seeded FELs now have been pushed into EUV regime at FERMI@Elettra FEL in which the high-gain harmonic generation (HGHG) principle is utilized [18] . Other HGHG FELs worldwide (e.g. ATF@BNL [19] and SDUV-FEL@SINAP [20] ) indicate that powerful FEL pulses with almost Fourier transform limited could be achieved. Furthermore, another seeded FEL principle, so-called echo-enabled harmonic generation (EEHG), known as the much higher upfrequency conversion efficiency was originally proposed by Dr. Stupakov at 2009 [14] . In the next two years, demonstration experiments at NLCTA [15] and SDUV-FEL [21] have been successfully performed and the first lasing of EEHG at third harmonic has already been successfully achieved at SDUV-FEL [16] , which shows the great potential of EEHG FELs. Up to now, several planned or running FEL facilities, e.g. FLASH-II [22] , NGLS [23] , SXFEL [24] , SwissFEL [9] etc., take EEHG as one of the most important options to push the FEL wavelength into the X-ray regime.
In this paper, we discuss the possibility of much higher harmonic EEHG lasing at SDUV-FEL, i.e. EEHG at 10-th harmonic of the seed laser (EEHG-10), with the purpose of demonstrating the great advantage of EEHG over HGHG at much higher harmonics. Comprehensive studies including two EEHG-10 proposals are presented, i.e. EEHG with two seed lasers of the same frequency and different frequencies. Numerical simulations indicate that with minor modifications of the present hardware configuration at SDUV-FEL, EEHG could be lasing at 10-th harmonic while the HGHG signal is deeply suppressed.
Overview of EEHG-10@SDUV-FEL
Shanghai deep ultra-violet free-electron laser (SDUV-FEL) is a test facility for versatile novel FEL principles [20] . Up to now the FEL experiments including SASE [25] , HGHG [21] and EEHG [16] have been successfully preformed at SDUV-FEL, the coherent signal from two-staged cascaded-HGHG and wide frequency tuning of HGHG also have been achieved [26] . Now the proof-of-principle of FEL polarization control experiment is ongoing [27, 28] . One of the next plan of SDUV-FEL is the high harmonic EEHG lasing, i.e. EEHG-10. Table 1 shows the nominal parameters of EEHG-10 for two cases, i.e. with the same or different seed lasers. From Table 1 , one can find that the two seed lasers are quite different, the optical parametrical amplified (OPA) seed laser can produce the seeds with the wavelength ranging from 1600 to 2600 nm and with pulse duration of about 100 fs full width at half maximum (FWHM); the other seed is the second harmonic of the laser with the wavelength of 1047 nm but with 1 ps pulse width (FWHM). In the following sections numerical simulations of both cases will be presented. 3 EEHG-10 seeded with two same frequency lasers
As ref [16] reported that SDUV-FEL has been lasing at third harmonic of 1047 nm, i.e. 350 nm at the beam energy of 135.4 MeV. The LINAC of SDUV-FEL is supposed to be working at 180 MeV after the upgrade is finished, thus with the proper adjusting of the second seed laser of EEHG, the up-frequency conversion harmonic number could be much higher than 3. In this section, we choose the beam energy of 165 MeV, two seed lasers with the wavelength of 2400 nm which are generated from the OPA system [26] . And the harmonic number of EEHG is chosen to be 10, thus the final wavelength of FEL radiation is 240 nm. It is worth to note that the OPA could still be working stably and efficiently at 2400 nm regime while the efficiency decreases rapidly in the longer spectral regime.
In the former configuration of EEHG at SDUV-FEL the period of the first modulator is 65 mm which cannot resonant with the seed of 2400 nm. Luckily, we can use the newly built modulator with the period of 50 mm as the first modulator. However, the new modulator is designed for the FEL polarization control experiment [27] , its magnetic field orientation is crossed with conventional version, thus we should tuning the polarized state of the first seed laser to make the interaction between the laser and electron beam happen. The probable hardware arrangement of EEHG-10 with this approach then could be shown as Figure 2 . EEHG-10 layout with the same seed lasers, M1, shown as PMU50-V is the newly built vertically polarized planar undulator for FEL polarization control @ SDUV-FEL. Fig. 3 .
Longitudinal phase space evolution of EEHG-10 at optimal parameters.
The optimal parameters of EEHG could be found analytically according to the equation of the bunching factor calculation Eqn 1, in which A 1 and A 2 is the reduced modulation amplitudes in M1 and M2 with the values of A i = ∆γ i /σ γ , i = 1, 2,∆γ i is the modulation amplitude and σ γ is the rms local beam energy spread, B 1 and B 2 is the reduced dispersive strengths in DS1 and DS2 with the values of
56 is the dispersion of the two chicane, respectively, k 1 is the wavenumber of the first seed laser, gamma 0 is the central beam energy, n is the up-frequency conversion number, here we choose n = 10.
The optimized parameters of EEHG are found as A 1 = A 2 = 3, B 1 = 3.74, B 2 = 0.42. Then with the three-dimensional FEL simulation code Genesis 1.3 [29] , the longitudinal phase space evolution of EEHG-10 (see fig 3) and the FEL radiation properties have been simulated. Figure 4 shows the gain curve of the average FEL power along the undulator with this approach. The FEL pulse received at the exit of the last segment of the undulator line can be found from Figure 5 and the pulse energy is about 5 µJ, the spectrum shows the central wavelength is around 240 nm, with almost full longitudinal coherency. One should also notes that the cooperation length of EEHG here is about 200λ s which is greater than the FEL pulse length (125λ s ), thus the superradiance effect contributes the spiky in the frequency domain [30] . It evidently shows that at the three different positions, A, B and C of the gain curve, the side spikes grow as the Figure 5 shows. 
EEHG-10 seeded with two color lasers
The greatest difference of EEHG is the introducing of the one more additional modulator-chicane section, which is responsible for the generation of the small energy band strips [31] . Actually, the harmonic number of EEHG is determined by the ratio of frequencies of the two seed lasers. Thus one can also choose the lasers with different colors. In the present layout of SDUV-FEL, the first modulator could be kept still if the first seed of EEHG is shorten to 523.5 nm, that means the hardware configuration does not need to be modified.
The final bunching factor at the n th harmonic of the second seed laser could be formulated as:
Where κ is frequency ratio of the two seed laser, i.e. κ = k 2 /k 1 . The optimal conditions can also be figured out analytically,
With this configuration, the layout of EEHG-10 is shown in Figure 6 . The seeds power used for simulation are about 5 MW and 2 MW, respectively. Since the first seed laser is much longer than the second in time domain, the final EEHG signal could be not so much sensitive to the timing jitter effect of the seeds.
The numerical simulation can be divided into two parts. The first is the simulation of the laser beam interaction in the modulator and the other is the FEL simulation in the radiator. We developed efficient code to simulate the laser beam interaction in the modulator with the theory published in ref [32] . The beam dynamics in the dispersive section is tracked by Elegant [33] . The simulation of FEL radiation is performed by Genesis 1.3 in a self-consistent manner [34] . The whole process is linked by a meticulously designed Makefile from which well-organized scripts are systematically called.
The dispersive strengths optimization result can be found Figure 7 , from which one can note the best work point of EEHG-10, the left bottom area shows the optimal HGHG work point, however in the EEHG working point, the bunching factor of HGHG is less than 1% which means the HGHG signal is deeply depressed. It is worth to stress that since the frequency of EEHG-10 is determined by the two seedlaser, the optimal radiation wavelength is not exactly 240 nm. In fact the optimal harmonic number is about 10.4, one can slightly tuning the beam energy to shift the condition.
The coherent signal of EEHG-10 in this case could be detected and verified by the harmonic radiation of ADC undulator (UADC), which is used as the radiator of the first stage of two-staged cascaded-HGHG at SDUV-FEL [35] . Tuning the magnetic field of UADC, when the resonant wavelength is approaching 690 nm, i.e. three times the wavelength of EEHG-10 signal (230 nm), the bunching factor of third harmonic of 690 nm could be much larger than the fundamental, the simulated gain curve in Figure 8 evidently shows the dominance of the coherent signal from EEHG-10. Bunching factor and gaincurve for coherent signal diagnostics at EEHG-10. After amplified in the long radiator, the FEL power and spectrum could be found from Figure 10 . Figure 9 shows the average FEL power gain curve along the undulator. The simulated FEL pulse energy is about 6 µJ at the end of undulator line.
The coherent synchrotron radiation (CSR) effect has also been investigated by the LINAC tracking code-Elegant. The simulation results indicate that CSR induced energy spread will shift the central frequency of the final EEHG-FEL signal, as shown in Figure 10 , however the FEL power and the gain curve are not much affected since the sliced parameters of EEHG almost keep the same level. Typical EEHG pulse profile in time (left) and frequency (right) domain.
Conclusions
With the successful demonstration and the first lasing of EEHG at third harmonic, it becomes more and more significant to make the EEHG lasing at much higher harmonics so as to pave the way to even higher harmonic lasing, e.g. generating the fully coherent hard X-ray FELs in a single EEHG stage [36] . Lasing at 10-th harmonic of the second seed laser of EEHG at SDUV-FEL has been proposed, two different experimental plans have been carefully studied. Full three dimensional numerical simulations in-dicate that both approaches could lead to the lasing of EEHG at 10-th harmonic of the seed laser. The two-color seeded EEHG-10 could be performed at SDUV-FEL with the present hardware configuration but need much more sophisticated seed optical configuration, while seeding with the same seed source requires the polarization tuning of the seed laser. However the numerical simulation results show a clear insight into the lasing of EEHG-10 at SDUV-FEL, which, of course will illuminate the way of the EEHG at SXFEL into the X-ray regime.
